We report spectroscopic measurements of highly charged samarium and erbium performed at the National Institute of Standards and Technology (NIST) Electron Beam Ion Trap (EBIT). These measurements are in the extreme ultraviolet (EUV) range, and span electron beam energies from 0.98 keV to 3.00 keV. 
Introduction
Spectroscopy of rare earth elements has recently become a subject of active research due to the possible use of gadolinium and terbium as next generation light sources for extreme ultraviolet (EUV) lithography [1, 2] . There are also few available data about transitions of highly charged ions in the lanthanides, which makes this an important area for additional study.
In the NIST Atomic Spectra Database [3] , erbium and samarium transitions are available primarily for Sm I and II and Er I, II, and III. Fewer data are available for more highly ionized ions. Some transitions have been measured on Electron Beam Ion Traps (EBITs) in the EUV and X-ray regimes [4, 5, 6, 7] . Much of the available data have been generated from laser produced plasmas [8, 9, 10, 11, 12, 13, 14, 15, 16] . Highly charged samarium has also been observed in tokamak plasmas [17, 18, 19] . In highly charged erbium, likewise, there are limited available data, including that generated by EBITs [4, 20, 21] , laser plasmas [10, 11, 12, 22] , and tokamaks [17, 18, 23] .
In this paper, we report Er and Sm n=4-n=4 transitions in the EUV, continuing on our previous studies of Gd [1] and Dy [24] . A full list of identifications, wavelengths, and wavelength uncertainties is generated, and we calculate energy levels with uncertainties for these ions as well. The intent of this research is to expand the number of measured transitions among the rare earth elements near those of interest for EUV light sources and provide a systematic accounting of uncertainties for transitions and energy levels.
Experiment
This work was performed at the NIST EBIT [25] . Sm spectra were studied at twelve electron beam energies between 0.98 keV and 2.2 keV, and Er spectra were studied at twelve beam energies between 1.3 keV and 3.0 keV. These energies are sufficient to produce ions between approximately Rb-like and Ni-like ionization stages [3] . Beam currents varied between 15 mA and 86 mA. Plasma confinement was achieved, as usual, through the electrostatic trapping via the electron beam, two drift tubes (at 500 V and 220 V), and a 2.8 T axial magnetic field. Er and Sm were injected into the trap by using a multi-cathode Metal Vapor Vacuum Arc (MeVVA) [26] . The trap was emptied and new ions were injected from the MeVVA every 10 seconds.
Elements used for calibration were introduced by the MeVVA, by the gas injection system (described in [27] ), or were present as intrinsic impurities.
Spectra were recorded with a spectrometer designed for use in the EUV [28] . The spectrometer is a flat-field variable-line spacing type grating spectrometer. Data were collected with a 2048 pixel×512 pixel (13.5 µm x 13.5 µm pixel dimensions) liquid-nitrogen-cooled charge coupled device (CCD). Spectra were taken as ten oneminute exposures, and a cosmic ray filtering program was used to automatically remove data that were outside of five Poisson standard deviations of the signal, effectively removing the majority of the cosmic rays and aberrant electronic noise. The spectral range for Sm measurements covered approximately 4 nm to 20 nm, and for Er approximately 3 nm to 17 nm.
Calibration of the samarium spectra was accomplished using twelve lines from Ne 4+ through Ne 7+ , one line of Fe 23+ , one line of Fe 22+ , and one line of Ba 26+ . Spectra of neon were taken at 2 keV and 4 keV, iron was taken at 4 keV, and barium, which is an intrinsic impurity, was taken at 5.8 keV. Calibration of the erbium spectra was performed using twelve lines from Ne 4+ through Ne 7+ , four lines from Xe 43+ and Xe 42+ , one line from Ba 45+ , one line from O 4+ , and one line from O 5+ . Spectra of neon were taken at 2 keV and 4 keV, xenon and barium at 5.8 keV, and oxygen at 1.8 keV. All lines were fit with unweighted Gaussian profiles, and uncertainties were generated for each calibration point. Third order calibration polynomials relating wavelength to detector channel number were calculated, and confidence intervals were generated from which calibration uncertainties were derived. By setting the requirement that the calibration polynomial fit had χ 2 ≈ n − N, where n is the number of calibration points and N is the degrees of freedom of the calibration curve [29] , the systematic uncertainty was estimated. For samarium, the systematic uncertainty was found to be 0.00055 nm; for erbium, the systematic uncertainty was found to be 0.0010 nm.
Spectra were recorded at a variety of energies; typical results are shown in figures 1 and 2. The intensities of the experimental spectra are given in the analogto-digital units (ADU) of the CCD. Lines were fit with unweighted Gaussians, and statistical, systematic, and calibration confidence interval uncertainties were added in quadrature for each line to generate a total uncertainty. 
Collisional-Radiative Modeling
The measured spectra were analyzed with the collisional-radiative (CR) modeling that has been extensively described elsewhere (see, e.g., [30, 31, 32] ), and therefore only the most relevant features will be described below. The line intensities for Er and Sm were calculated with the non-Maxwellian CR code NOMAD [33] utilizing atomic data generated with the Flexible Atomic Code (FAC) [34] . The level energies, radiative transition probabilities (allowed and forbidden), and electron-impact cross sections (excitation, deexcitation, ionization, and radiative recombination) were calculated for 8575 and 8570 levels in Sr-like to Ni-like ions of Er and Sm, respectively. The level energies were improved using an extended calculation taking into account all possible excitations within the n=4 complex, as described in [31] . The energies of the 3d 9 4l levels in Ni-like ions were taken from a more accurate relativistic many-body perturbation theory (RMBPT) calculation of [35] . The rate of charge exchange between highly-charged ions and neutral atoms in the trap was included as the only free parameter, aside from a small shift in electron beam energy due to space charge as discussed below. A typical calculation of an EBIT spectrum would include 6-7 ionization stages since ions with ionization potentials larger than the beam energy are very weakly populated. The calculated bound-bound spectra were then Gaussian-broadened and convolved with the calculated efficiency curve of the EUV spectrometer. Examples of agreement between theoretical and experimental spectra of Er are presented in figures 3 and 4. The agreement between theory and experiment for the Sm spectra is practically the same. The second order spectra are shown by the shifted dotted lines. Starting with figure 3, one can see that our CR modeling explains intensities and positions of all strong spectral lines. Note that the theoretical beam energy is lower than the nominal experimental energy; this is due to the space charge effects that are common in EBITs. Although for some lines there is a small shift in wavelength between theory and experiment, a very good match of line intensities allows us to unambiguously identify all prominent lines in the spectrum. For instance, In the erbium data, some the of the Br-like lines were measured from their second orders and these wavelengths are marked with '(*2)'. The level identifications are given in standard notations for relativistic configurations (e.g, 4p + for 4p j=l+1/2 and 4d − for 4d j=l−1/2 ). As is customary for the FAC calculations, the electron pairs with total zero momentum are omitted. Since only the largest component of a wavefunction is presented, this may result in non-unique labels for some levels. For instance, levels 7 and 9 in As-like Sm are both shown in 
Results

, while for level 9 the same relativistic terms have contributions of 49.9%, 34.2% and 5.3%, respectively. Such strong mixing is not uncommon in highly-charged N-shell ions.
The energy levels for samarium and erbium are reported in tables 3 and 4. The conversion factor from eV to cm −1 was 1 eV = 8065.544219(18) cm −1 [36] . The first energy level, ground level, is taken to have zero energy. In some cases, groups of levels are not connected to the ground level by measured radiative transitions, and therefore the energy of a reference level is taken from FAC or, in the case of Ni-like ions, from Ref. [35] . These levels are marked in our tables with the symbol + followed by a letter. For those levels, the reported results are given as the weighted mean (∝ 1/σ 2 ) of the possible derivations. Since none of the derived levels have uncertainties less than 20 cm −1 , the results are all rounded to 10 cm −1 , unless they are from calculations.
For some lines, their identifications were validated by using the Ritz combination principle. For instance, the 8.2227 nm spectral line in Ga-like Er that corresponds to the transition between the ground state (level 1) and level 6, is blended by a strong line in the Ge-like ion, and therefore additional confirmation of its wavelength would be helpful. The ground state and the first excited level in this ion are both connected to levels 6 and 7, all four lines having been measured in the present experiment. The energy differences between the two lowest levels calculated from two pairs of measured wavelengths agree within approximately 0.1%, thereby confirming our identifications for all those lines, including the 1-6 transition. Similar analysis was performed for transitions in the Ni-like ions of Sm and Er.
For the spectral range analyzed here, there exist only a handful of other measurements for Sm and Er. Our wavelengths for Ni-like Sm agree very well with the low-resolution measurements from laser-produced plasmas [9] . The highresolution measurements for Cu-like Sm and Er [10, 14] also agree with our results within experimental uncertainties. Similar level of agreement is observed for other measurements in Zn-like ions [11, 12] . This provides additional confidence in our measured wavelengths and identifications of spectral lines from other ions of Sm and Er for which no measured lines are known.
For most cases, the FAC wavelengths deviate from the measured values to within a fraction of per cent. The only exception is the transitions in Ni-like Sm that connect level 35 with quantum numbers 3d 9 4d ((3d 3 − ) 3/2 ,4d − ) 0 with levels 9 and 12. For this J=0 level the difference between theory and experiment reaches 1.6% for calculations that include double core excitations from n=3 into n=4 (value in table 3) and 4% for single 3-4 excitations. The RMBPT results of Ref. [35] do not contain J=0 levels and there is no other recent theoretical work addressing the energy of this particular level. We would like to point out that our measured 9-35 and 12-35 wavelengths can provide an interesting test for advanced atomic structure theories.
Conclusions
We report the results of EUV measurements of highly charged ions of samarium and erbium in an EBIT. One hundred and thirty-five lines are measured with individual uncertainties calculated for each line. From these transitions, a total of 161 energy levels were derived and uncertainties were assigned to each value. Overall, the agreement between theory and experiment is excellent with respect to the intensities of the lines and very good for the wavelengths. Our line identifications agree very well with the already known data for Ni-, Cu-, and Zn-like ions. 
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